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Abstract. Fuel cells are a key technology for clean energy production due
to their low environmental impact and their high efficiency, yet optimizing
their performance remains challenging, particularly regarding the gas
diffusion layer (GDL). The GDL is critical for distributing reactants and
removing products within the cell. This study employs a 3D model, built in
COMSOL Multiphysics, to simulate and assess fuel cell performance at
different GDL porosity levels. The porosity varied from 0.2 to 0.8 in
increments of 0.1, while all other material properties were kept constant. The
results show that increasing porosity improves performance, with a strong
correlation between simulation and experimental data. Polarization curves
highlight the effect of GDL porosity on cell efficiency. This model offers
valuable insights for optimizing fuel cell designs by adjusting GDL
properties, contributing to the development of more efficient, cost-effective,
and durable fuel cells for clean energy applications.

1 Introduction

Fuel cells are electrochemical systems that transform chemical energy directly into electrical
power [1-5]. The basic principle involves the oxidation of H at the anode and reduction of
O, from the air at the cathode, with an electrolyte facilitating ion transport between them [6-
9]. This process generates electricity, heat, and water as byproducts, without the harmful
emissions typical of fossil fuel combustion [10-14]. Fuel cells can be employed in various
applications, from portable electronics to stationary power generation and vehicle propulsion
systems [15-20]. Their efficiency, environmental benefits, and versatility make them a
promising technology in the transition towards sustainable energy solutions [21-24].

The Proton Exchange Membrane Fuel Cell (PEMFC) is a type of fuel cell that operates at
relatively low temperatures, typically around 80°C [25-27]. It consists of an electrolyte
membrane, usually made of a per-fluorinated sulfonic acid polymer, which selectively allows
protons to pass through while blocking e”. This membrane is sandwiched between two
electrodes: the anode and the cathode. At the anode, hydrogen gas is supplied and
catalytically split into H" and e". The H" migrate through the membrane to the cathode, while
the e travel through an external circuit, generating electricity. At the cathode, O, (usually
from the air) reacts with the H" and ¢ to form H>O, the main byproduct [28-32]. PEMFCs
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are known for their efficiency in converting chemical energy directly into electrical energy,

making them suitable for various applications [33-37]. Quick start-up, compact size, and low

emissions are key advantages of PEMFCs. However, challenges like membrane cost and

durability are still under research [38-40]. Figure 1 shows schematic design of the PEMFC.
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Fig. 1. Schematic design of the PEMFC.

Polarization curves are frequently used in evaluating fuel cell performance to illustrate how
cell voltage correlates with current density [41, 42]. Figure 2 illustrates a typical current-
voltage relationship, known as the polarization curve, for a single PEMFC. This graph
displays how the voltage varies with different levels of current output. To ensure fair
comparison across PEMFCs of varying sizes and outputs, the current density (A.cm) is used
to normalize the current values. In theory, a fuel cell should provide any required current
while keeping the thermodynamically required voltage constant, assuming sufficient fuel
supply. However, practical fuel cells inevitably operate below the ideal reversible voltage
due to various losses. As current draw increases, the cell's voltage output decreases, thereby
limiting the total available power. Maintaining high cell voltage under load is challenging,
as depicted in Figure 2 where operational voltage falls short of the reversible voltage due to
irreversible losses. These losses increase with higher currents and encompass activation loss,
ohmic loss, mass transport or concentration loss, as well as losses because of internal currents
and fuel crossover [43-46]. Activation loss arises from slow reactions within the catalyst
layer (CL), where voltage is expended to drive electrochemical reactions involving electrons
and protons [47]. Figure 2 highlights this with an initial sharp voltage drop, indicating the
threshold at which sufficient electron and proton accumulation allows continuous reaction
with adequate gas supply.



E3S Web of Conferences 601, 00080 (2025) https://doi.org/10.1051/e3sconf/202560100080
ICEGC’2024

Reversible voltage

0.8 4

0.6 4

Cell Voltage (V)

0.4+

0.2 4

v v L ] 1 1
0 0.2 04 0.6 0.8 1 1.2

Cell average current density (A.cm-2)

Fig. 2. Polarization curve sample for a single PEMFC (1: Fuel crossover and internal currents cause
the open circuit voltage to be lower than the reversible voltage, 2: Voltage decreases quickly at first,
mostly as a result of activation loss, 3: Ohmic loss is the primary cause of the voltage's slow and
linear decrease, 4: Mostly as a result of concentration loss, voltage decreases more quickly at high
currents).

The ohmic loss in a fuel cell refers to the resistance encountered by electrons and protons as
they move through the membranes, electrodes, and interconnections. This resistance causes
a voltage decrease that is directly in proportion to the current density, as illustrated by the
linear decline in performance shown in Figure 2 [48]. Mass transport, or concentration loss,
occurs due to changes in reactant concentration within the CL as reactants are consumed from
inlet to outlet along the flow channel. This change in concentration affects voltage through
alterations in reactant partial pressures, hence it's termed concentration loss. It also relates to
mass transport loss, as insufficient reactant delivery to the CL results in concentration
reduction [49]. In Figure 2, concentration loss manifests at high current densities with a steep
voltage drop, reflecting how adequate reactant supply controls current output. Fuel crossover
and internal currents describe reactant passage and electron conduction through the
membrane, respectively [50]. Though membranes ideally transport only ions, small amounts
of reactant and electrons can still permeate, notably affecting the open circuit voltage in low-
temperature fuel cells, which typically falls short of the reversible voltage because of these
losses. However, these losses diminish significantly under load, as current draw enhances
reactant utilization. The PEMFC operating voltage at various current densities is calculated
by subtracting irreversibility-induced voltage losses from the reversible voltage. Specifically,
open circuit voltage equals reversible voltage minus losses from internal currents and fuel
crossover, establishing a relationship between open circuit voltage (Vopen) and operating
voltage (Veen):

Vcell = Vopen ~Nact — Nohm — Nconce ()]

The performance of fuel cells has been studied extensively. Researchers have used both
experimental methods and computational models to explore various factors influencing their
efficiency [51-54]. Several studies have explored the influence of GDL characteristics, such
as material type, porosity, and thickness, on the performance of PEMFCs. The GDL plays a
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crucial role in facilitating the transport of reactant gases, managing water produced during
the reaction, and maintaining electrical conductivity between the catalyst layer and the
current collectors. For instance, researchers including Akiki et al., [55] proposed various fuel
cell models to investigate the compression impact on fuel cells. Their findings highlighted
that mechanical requirement affect parameters such as GDL porosity, permeability, and
pressure at the GDL/Bipolar plate interface, contact resistance between GDL and BP, and
GDL conductivity. These parameters cannot remain constant in PEMFC modeling. Yuan et
al., [56] conducted a three-dimensional model for PEMFC, examining mass transfer and
thermal along with cell performance in the thread/chamfer structure of the GDL at various
pressures. They indicated that compression directly influences porosity distribution, resulting
in non-uniform porosity across the chamfer width. Zamel et al., [57] have shown that carbon
cloth tends to offer better water management and gas permeability than carbon paper, which
leads to improved overall fuel cell performance, particularly at high current densities. Litster
and McLean [58] have highlighted the trade-off between increasing GDL thickness to
enhance water retention and minimizing thickness to reduce resistance to gas transport,
indicating that intermediate thickness values often yield the best performance.

The study of PEMFC performance is highly beneficial in energy research and essential for
the progression of fuel cell technology.

In this study, a three-dimensional mathematical model is developed to evaluate the PEMFC
performance by examining how different levels of GDL porosity impact its performance,
aiding in the comprehension of the PEMFC's internal behavior.

2 Methodology

2.1 Geometric model

Figure 3 depicts a 3D model of PEMFC. The model comprises seven zones.

Membrane Cathode Channel

Cathode GDL

10
x107 m

Anode Channel 0 Anode'GOL

X 10-4 m
Fig. 3. Three-dimensional modelling of the PEMFC.

For our model, the subsequent geometric parameters were applied:

Length of cell of 0.02 m, height of channel of 1.1 € m, width of channel of 0.7874 ¢ m, rib
width of 0.90932 e m, GDL width 380 ¢® m, membrane thickness 100 ¢® m and porous
electrode thickness 50 e m.

2.2 Basic assumptions

Assumptions including 3D domain, stationary model, all gases are assumed to behave ideally,
laminar flow due to small pressure, incompressible fluid, cell temperature is held constant,
membrane is impermeable to reactant species, GDL exhibits isotropic and homogeneous
materials were made.
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2.3 Governing equations

The following summarizes the conservation of electric charge, continuity, and Maxwell-
Stefan mathematical expressions [59]:

Maxwell-Stefan equation:
M vM vP
V. {—p(ui Z;-l=1 DL']' [M_] (‘7(1)} + (,()j 7) + (.X'j - (1)}) T] + pa)iu} = RL' 2)

Continuity equation:

Vipu) =S ®

Conservation of electric charge:

V.(—o,V.¢s) = S; )
V.(=0mV.¢n) = S (%)

Where D is coefficient of diffusion, M is mass of molecules, P is pressure, R is source
expression resulting from chemical reactions, S is current source term, u is vector of
velocity, x is molar fraction, ¢ is potential, ¢ is electric conductivity, ® is mass fraction, p is
density, u is viscosity in dynamic, subscript i is particular species of H> and H>O (anode),
subscript j is particular species of O,, H,O, and N, (cathode), subscript s is solid phase and
subscript m is membrane.

2.4 Boundary conditions

The boundary conditions for the model in this study are as follows:

- In a time-dependent research, velocity and temperature are established at the channel inlet,
and a step function is utilized to calculate these two parameters,

- Continuity at all internal boundaries,

- All channel walls have no slip boundary condition,

- All initial values set to zero,

- Constrain outer edges set to zero for both inlet and outlet,

- Convective flux boundary conditions were used, and there was no backpressure at the
channel's outlet,

- PEMFC has environmental insulation.

The specific parameter values used in this study are provided in Section "Numerical
procedure".

3 Numerical procedure

For the model's geometry, a structured grid (Figure 4) is created using the COMSOL
Multiphysics software. The mesh included a total of 19708 elements of domains, 7392
elements of boundaries, and 972 elements of edges. Boundary conditions from COMSOL
were applied to solve the mathematical equations, and a methodology established on the
method of finite elements was utilized. The structure was run under temperature of 333.15
K.

The characteristics of the 3D model’s mesh are listed in Table 1.
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Table 2 reports the physicochemical characteristics developed in this structure.

Table 1. Characteristics of the mesh.

Mesh characteristics

Value
Max1mum element 0.001
size
Minimum element size 1.8e-4
Resolution of
0.6
curvature
Resolution of Narrow 05
regions ’
Maximum elemental 15

growth rate

Table 2. Physicochemical parameters.

H20

Description Value
GDL porosity 0.4
GDL permeability 1.18e-11 m?
GDL electric 0
conductivity 2228m
Reference 3
concentration of Oz 40.88 mol.m
Reference 3
concentration of Ha 40.88 mol.m
Membrane 1
conductivity 9-82 S.m
Specific surface area le7 m!
Inlet flow velocity 010352 m.s"!
(anode)
Inlet flow velocity B
(cathode) 0.41078 m.s
Viscosity (anode) 1.19¢-5 Pa.s
Viscosity (cathode) 2.46e-5 Pa.s
Inlet mass fraction of
H: (anode) 0.963
Inlet mass fraction of
O2 (cathode) 0.202
Inlet mass fraction of 0.037
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Fig. 4. Structure after meshing.
4 Results and discussions

4.1 Model validation

In order to evaluate the model precision, we carried out an investigation. Compared its
findings, with an experimental study conducted by Martin Bates [60] as depicted in Figure
5. We thoroughly examined the polarization curve in both the activation and ohmic areas and
our outcomes using COMSOL Multiphysics exhibited a resemblance to those obtained in the
study barring a slight deviation, at 0.55 A/cm? (Figure 5). However, we observed that at high
current densities, the model is unable to replicate the experimental results. The liquid water
presence in the catalyst and gas diffusion layers might be the cause of this discrepancy.
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Fig. 5. Contrasting present modeling results against experimental data.

4.2 Simulation result

The correlation between GDL porosity and PEMFC performance characteristics is illustrated
in Figure 6. Seven different porosity values were used in the simulations: the base case value
of 0.4, along with 0.2, 0.3, 0.5, 0.6, 0.7, and 0.8. Figure 6 demonstrates that increased
porosities in GDL result in higher voltages at output, especially at higher cell current
densities. Notably, the value of 0.1 yields the lowest polarization curve among those shown
in Figure 6, suggesting that reactant flow through the GDL may be restricted at this porosity
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level, leading to reduced concentration of H" at the electrode and lower polarization.
Conversely, curves that indicate increased GDL porosities (0.5, 0.6, 0.7, and 0.8) show
closely aligned performance due to unhindered reactant flow. Therefore, porosity values of
0.4 and 0.6 in the GDL have minimal impact on performance curves for PEMFC.
Furthermore, as depicted in Figure 6, GDL porosity has minimal impact on increased
voltages at operation. But, at lower voltages, especially as water formation increases with
higher current densities, delivering oxidant to the cathode catalyst becomes more
challenging. While the anode side experiences sufficient reactions, only partial reactions
occur on the fuel cell cathode side because the water obstructs O, leading to a faster decline
in lower porosity fuel cell performance. This underscores the significance of selecting
optimal porosity values for the chosen GDL materials to enhance PEMFC performance. The
results showed that increasing porosity improves oxygen flow, enhancing performance,
especially at higher current densities. However, the mechanical integrity of the GDL becomes
a concern with porosity above 0.8, as it could lead to structural failures under operational
stresses. Values above 0.6 do not yield significant performance improvements because
oxygen transport has already reached an optimal balance at these levels. Beyond this point,
the diminishing returns in performance may result from water flooding, which limits the
effective use of additional oxygen supply. At higher current densities, ohmic and mass
transport losses become more pronounced. Ohmic losses could be mitigated by selecting
materials with higher conductivity for both the GDL and the membrane. For mass transport
losses, incorporating materials with optimal pore sizes that balance reactant diffusion and
water management is crucial. Additionally, advanced GDL designs, such as those with
graded porosity, could help alleviate concentration losses by maintaining efficient reactant
distribution. While higher porosity enhances oxygen distribution and performance at high
current densities, there is a trade-off with mechanical stability. A porosity above 0.8 could
indeed compromise the structural integrity of the GDL, leading to potential durability issues
[61].

Polarisation curves for different GDL porosities
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Fig. 6. Comparison of polarization curves across various GDL porosities.

4.3 Distribution of oxygen on the cathode side under different values of porosity

Figures 7-13 show the partial mass of O, on the cathode side, which changes with porosity
values while the fuel cell functions at 0.5 V. These figures indicate that water creation in the
channel as a result of the reaction rate in the middle region limits O, delivery to that location,
similar to how porosity impacts oxygen distribution. This decrease is more noticeable when
the GDL porosity is low. This happens because low porosity GDL presents a high physical
barrier to oxygen, which causes it to pass through the cathode flow channel instead of
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diffusing into the GDL. It is thought that this phenomenon is the main reason why fuel cell
performance has declined. For more clarification, the figures show how oxygen distribution
is affected by varying GDL porosity levels, directly impacting the fuel cell's performance.
Specifically, in low porosity GDLs, oxygen diffusion is restricted, which leads to localized
oxygen starvation at the cathode catalyst layer. This lack of oxygen supply causes mass
transport losses, which manifest as voltage drops, particularly at higher current densities. As
the GDL porosity increases, oxygen is more uniformly distributed, improving overall fuel
cell performance by reducing these losses. This relationship is critical to understanding how
optimizing GDL porosity can help maintain higher voltages and cell efficiency under varying
operating conditions. Based on the findings, the optimal GDL porosity for transportation
applications (where dynamic conditions require higher performance and rapid response)
would range from 0.6 to 0.8. This range provides sufficient oxygen distribution and reduces
the impact of water buildup, which is critical for high-power and efficiency needs. However,
for stationary power applications, where durability and long-term operation are more
important, a lower porosity between 0.4 and 0.6 may be ideal. This range provides a balance
between performance and mechanical stability, ensuring longevity in less demanding
operating environments. For GDLs with higher porosity values (such as those used in
transportation applications), carbon fiber-based materials or woven carbon composites are
recommended for their superior durability and flexibility. These materials maintain structural
integrity even at high porosity. Additionally, advanced manufacturing techniques like
chemical vapor deposition (CVD) or electrospinning can be used to produce GDLs with
tailored porosity and high precision, ensuring optimal performance while considering cost
and scalability.

eps_gas_gdIl(7)=0.8 V_cell(8)=0.4 V Species O2: Mole fraction (1)
A 0.2

W 5.63x107°

Fig. 7. Variation of Oz distribution for the porosity of 0.8.
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Fig. 8. Variation of Oz distribution for the porosity of 0.7.
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Fig. 9. Variation of Oz distribution for the porosity of 0.6.
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Fig. 10. Variation of O distribution for the porosity of 0.5.
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Fig. 11. Variation of Oz distribution for the porosity of 0.4.
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Fig. 12. Variation of Oz distribution for the porosity of 0.3.
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Fig. 13. Variation of Oz distribution for the porosity of 0.2.

5 Conclusions

In conclusion, a study utilizing the COMSOL Multiphysics software was executed to
evaluate the varying GDL porosity effect on PEMFCs. With the GDL exception, all
geometric parameters and material properties were maintained constant in the developed
model. The GDL porosity was studied parametrically, with modifications made in 0.1
increments, and the range of values was 0.2 to 0.8. The simulation results showed a good
agreement with published experimental data. Also, the polarization curves were used to
assess the PEMFC's performance. It is discovered that as the GDL porosity increases from
0.2 to 0.8, the cell's performance gets better. In addition, the study reveals that porosity
impacts oxygen distribution, causing reduced water production and lower oxygen delivery in
the central region due to reaction rates. This effect is particularly significant when the GDL
has low porosity, creating high physical resistance that redirects oxygen flow through the
cathode channel instead of diffusing into the GDL, thereby reducing fuel cell performance.
This research can contribute to optimizing the PEMFCs design and performance by providing
insights into the critical role of gas diffusion layer porosity. The study demonstrates that
higher porosity levels in the GDL improve PEMFC performance, particularly at higher
current densities. However, while this research has provided valuable insights into optimizing
GDL porosity for better reactant distribution, future research could explore the integration of
two-phase flow models to capture the effects of liquid water accumulation more accurately.

11
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Potential future work includes extending the model to account for non-ideal conditions, such
as temperature and pressure fluctuations or varying humidity levels. Furthermore,
investigating the mechanical stability of highly porous GDLs and their impact on long-term
durability would provide deeper insights into the trade-offs between performance and
structural integrity. Real-world applications of this research lie in the development of more
efficient and cost-effective PEMFCs for electric vehicles and stationary power systems,
where optimizing the GDL could lead to reduced material costs and improved operational
efficiency. Consideration of manufacturing limitations and cost factors in selecting optimal
porosity values will also play a crucial role in scaling these findings to commercial
applications.
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